Introduction {#sec1-1}
============

Hyperlipidemia (HL) is a well-known risk for the cardiovascular complications including coronary artery disease.\[[@ref1]\] It has been reported that ischemic preconditioning (IPC), i.e., short intermittent cycles of sublethal ischemia followed by reperfusion before the subsequent prolonged ischemic insult, produces cardioprotection against ischemia-reperfusion (I/R) induced injury.\[[@ref2][@ref3]\] The absence of the cardioprotective effect of IPC during the HL is reported.\[[@ref4]\] Also, the decrease of the insulin sensitivity is a major risk of HL.\[[@ref5]\]

Pioglitazone is a ligand for peroxisome proliferator activated receptor-gamma thereby produces the cardioprotection against I/R induced injury by activation of the signals upstream to glycogen synthase kinase-3μ (GSK-3μ).\[[@ref6][@ref7]\] IPC produces cardioprotection by the activation of PI3K and mammalian target of rapamycin (mTOR).\[[@ref8][@ref9][@ref10]\] Both the pathways were reported to be diminished during the HL.\[[@ref11][@ref12]\] We have reported that impairment of upstream pathways of GSK-3μ is responsible for the attenuation of IPC-mediated cardioprotection in hyperlipidemic rat heart while administration of GSK-3μ inhibitor restored it.\[[@ref13]\]

Therefore, the present study is designed to investigate whether or not pioglitazone, an insulin sensitizer, restores the attenuated cardioprotective effect of IPC in hyperlipidemic rat heart and to determine the possible signaling pathway involved in this effect.

Materials and Methods {#sec1-2}
=====================

The experimental protocol used in the present study was approved by Institutional Animal Ethical Committee (Reg. no. 816/04/c/CPCSEA). All the experiments were carried out according to the guidelines of Indian National Science Academy for care and use of animals in scientific research. Wistar rats (180--250 g) of either sex, divided into nine groups of six animals each, were employed in the present study. They were acclimatized in animal house and were exposed to normal cycle of light and darkness.

 {#sec2-1}

### Drugs and Chemicals {#sec3-1}

Insulin (50 mU/ml) (Torrent Pharmaceutical Ltd., India) was dissolved in Krebs--Henseleit (K--H) sol. Pioglitazone (2 μM) (Enzo Life Sciences, AG), wortmannin (100 nM), and rapamycin (1 nM) (Cayman Chemical Co., USA) were dissolved in dimethyl sulfoxide. The 1% w/v solution of triphenyltetrazolium chloride (TTC) stain (CDH Pvt. Ltd., New Delhi), prepared in Tris-chloride buffer (CDH Pvt. Ltd., New Delhi), was used to measure infarct size. The lactate dehydrogenase (LDH) and creatinine kinase-myocardial band (CK-MB) enzymatic estimation kits were purchased from coral clinical systems, Goa, India. All other reagents used in this study were of analytical grade and always freshly prepared before use.

### Induction of Experimental Hyperlipidemia {#sec3-2}

The rats were administered high-fat diet (containing corn starch 44.74 g, casein 14 g, sucrose 10 g, butter 20 g, fiber 5 g, mineral mix 3.5 g, vitamin mix 1 g, choline 0.25 g, tert-butylhydroquinone 0.0008 g, cholesterol 1 g, and cholic acid 0.5 g) for 8 weeks to induce experimental HL.\[[@ref14]\] HL was documented by estimating the serum level of total cholesterol (TC) and triglycerides (TG) using commercially available kits (Vital Diagnostics \[P\] Ltd., Mumbai, India).

### Isolated Rat Heart Preparation {#sec3-3}

Hearts from heparinized rats (500 IU/i.p.) were rapidly excised and immediately mounted on Langendorff\'s apparatus (Digital Langendorff system, Radnoti LLC, Monrovia, USA). The heart was enclosed by a double-walled jacket with circulating water maintained at 37.8°C. The heart was retrogradely perfused at constant pressure (By using peristaltic pump) and flow rate (7--9 ml/min) with freshly prepared K--H buffer solution (NaCl 118 mM; KCl 4.7 mM; CaCl~2~ 2.5 mM; MgSO~4~.7H~2~O 1.2 mM; NaHCO~3~ 25 mM; KH~2~PO~4~ 1.2 mM; C~6~H~12~O~6~ 11 mM), pH 7.4, bubbled with 95% O~2~ and 5% CO~2~. IPC was produced by four I/R episodes in which closing the inflow of K--H solution for 5 min followed by 5 min of reperfusion. Global ischemia was produced for 30 min followed by reperfusion for 120 min.\[[@ref15]\] Coronary effluent was collected before ischemia, immediately, 5 min and 30 min after reperfusion for the estimation of LDH and CK-MB.\[[@ref16]\]

### Assessment of Myocardial Injury {#sec3-4}

Estimation of LDH and CK-MB in the coronary effluent was done to assess the myocardial injury. The assessment of myocardial infarct size was done using TTC staining method. Values of LDH and CK-MB were expressed in international units per liter (IU/L).

### Myocardial Infarct Size {#sec3-5}

At the end of reperfusion, hearts were removed from the Langendorff\'s apparatus, ventricles were kept overnight at − 4°C after excising both the atria and root of aorta, and sliced into uniform sections of 1--2 mm thickness. The slices were incubated in 1% TTC at 37°C in 0.2 M Tris buffer pH 7.4 for 30 min.\[[@ref17]\] The normal myocardium was stained brick red whereas the infarcted portion remained unstained. Infarct size was measured by the volume method.\[[@ref18]\]

### Experimental Protocol {#sec3-6}

A diagrammatic representation of experimental protocol is shown in [Figure 1](#F1){ref-type="fig"}. In all groups, the isolated rat heart was perfused with K--H solution and allowed for 10 min of stabilization. Group 1, sham control *n* = 6; isolated rat heart was perfused continuously for 190 min after the stabilization, without subjecting them to global ischemia. Group 2, I/R control; *n* = 6; after stabilization heart was perfused for 40 min followed by 30 min of global ischemia and 120 min of reperfusion. Group 3, IPC control *n* = 6; heart was subjected to four cycles of IPC. Each cycle comprises 5 min ischemia and 5 min of reperfusion, followed by 30 min of global ischemia and 120 min of reperfusion. Group 4, IPC in hyperlipidemic heart; *n* = 6; isolated heart from hyperlipidemic rat was subjected to IPC as described in group 3. Group 5, IPC in insulin (50 mU/ml) perfused hyperlipidemic heart, *n* = 6; isolated heart from hyperlipidemic rat was perfused with K--H solution containing insulin (50 mU/ml) for 10 min and in each cycle of reperfusion during IPC followed by 30 min of ischemia and 120 min of reperfusion. Group 6, IPC in insulin and pioglitazone perfused hyperlipidemic heart, *n* = 6; isolated heart from hyperlipidemic rat was perfused by solution containing insulin (50 mU/ml) and pioglitazone (2 μM) during stabilization and 5 min in each cycle of IPC followed by 30 min of ischemia and 120 min of reperfusion. Group 7, IPC in insulin and pioglitazone in the presence of wortmannin (PI3K inhibitor) (100 nM) perfused in hyperlipidemic heart, *n* = 6; isolated hyperlipidemic rat was perfused for 10 min during stabilization and 5 min each cycle of IPC with K--H solution containing insulin (50 mU/ml), pioglitazone (2 μM) with wortmannin (100 nM) followed by 30 min of ischemia and 120 min of reperfusion. Group 8, IPC in insulin (50 mU/ml) and pioglitazone (2 μM) in the presence of rapamycin (mTOR inhibitor) (1 nM) in hyperlipidemic heart, *n* = 6; isolated heart from hyperlipidemic rat was perfused for 10 min during stabilization and 5 min in each cycle of IPC with K--H solution containing insulin (50 mU/ml), pioglitazone (2 μM) with rapamycin (1 nM) followed by 30 min of ischemia and 120 min of reperfusion. Group 9, IPC in insulin (50 mU/ml) and pioglitazone (2 μM) in the presence of wortmannin (100 nM) and rapamycin (1 nM) in hyperlipidemic heart, *n* = 6; isolated heart from hyperlipidemic rat was perfused for 10 min during stabilization and 5 min in each episode of IPC with K--H solution containing insulin (50 mU/ml), pioglitazone (2 μM) with wortmannin (100 nM) and rapamycin (1 nM) followed by 30 min of ischemia and 120 min of reperfusion.

![Diagrammatic representation of experimental protocol. S, P, I, R, Ins, Pio, Wor, Rap denote stabilization, perfusion, ischemia, reperfusion, insulin, pioglitazone, wortmannin, and rapamycin, respectively](IJPharm-48-59-g001){#F1}

### Statistical Analysis {#sec3-7}

All values were expressed as mean ± standard error of mean. The data obtained from various groups were statistically analyzed using one-way ANOVA followed by Tukey\'s multiple comparisons test. *P* \< 0.05 was considered to be statistically significant.

Results {#sec1-3}
=======

 {#sec2-2}

### Effect of High Fat Diet on Serum Total Cholesterol and Triglycerides {#sec3-8}

The administration of high fat diet for 8 weeks significantly increased the serum TC and TG levels as compared to basal value.

### Effect of Ischemic Preconditioning on Myocardial Injury in Normal and Hyperlipidemic Rat Heart {#sec3-9}

Global ischemia for 30 min, followed by 120 min of reperfusion markedly increased the infarct size and the release of LDH and CK-MB, as compared to sham group. IPC significantly (*P* \< 0.05) reduced the I/R-induced myocardial infarct size and release of LDH and CK-MB of hearts obtained from normal rats. However, in case of hyperlipidemic rat hearts, IPC failed to decrease the I/R-induced myocardial infarct size and the release of LDH and CK-MB \[Figures [2](#F2){ref-type="fig"}--[4](#F4){ref-type="fig"}\].

![Effect of pharmacological interventions on myocardial infarct size. I R denotes ischemia reperfusion; IPC denotes ischemic preconditioning; HL denotes hyperlipidemia; Ins denotes insulin; Pio denotes pioglitazone; Wor denotes wortmannin; Rap denotes rapamycin. Values are expressed as mean ± standard deviation, a = *P* \< 0.05 versus Sham Control and basal value; b = *P* \< 0.05 versus ischemia-reperfusion control; c = *P* \< 0.05 versus ischemic preconditioning control; d = *P* \< 0.05 versus ischemic preconditioning + hyperlipidemia; e = *P* \< 0.05 versus ischemic preconditioning + hyperlipidemia + Ins + Pio](IJPharm-48-59-g002){#F2}

![Effect of pharmacological interventions on myocardial release of lactate dehydrogenase. I R denotes ischemia reperfusion; IPC denotes ischemic preconditioning; HL denotes hyperlipidemia; Ins denotes insulin; Pio denotes pioglitazone; Wor denotes wortmannin; Rap denotes rapamycin. Values are expressed as mean ± standard deviation, a = *P* \< 0.05 versus Sham control and basal value; b = *P* \< 0.05 versus ischemia-reperfusion control; c = *P* \< 0.05 versus ischemic preconditioning control; d = *P* \< 0.05 versus ischemic preconditioning + hyperlipidemia; e = *P* \< 0.05 versus ischemic preconditioning + hyperlipidemia + Ins + Pio](IJPharm-48-59-g003){#F3}

![Effect of pharmacological interventions on myocardial release of creatinine kinase-myocardial band. I R denotes ischemia reperfusion; IPC denotes ischemic preconditioning; HL denotes hyperlipidemia; ins denotes insulin; Pio denotes pioglitazone; Wor denotes wortmannin; Rap denotes rapamycin. Values are expressed as mean ± standard deviation, a = *P* \< 0.05 versus Sham control and basal value; b = *P* \< 0.05 versus ischemia-reperfusion control; c = *P* \< 0.05 versus ischemic preconditioning control; d = *P* \< 0.05 versus ischemic preconditioning + hyperlipidemia; e = *P* \< 0.05 versus ischemic preconditioning + hyperlipidemia + Ins + Pio](IJPharm-48-59-g004){#F4}

### Effect of Ischemic Preconditioning in Insulin and Pioglitazone Perfused Hyperlipidemic Rat Heart {#sec3-10}

Perfusion of insulin (50 mU/ml) alone did not demonstrate any cardioprotective effect of IPC in hyperlipidemic rat heart whereas perfusion of pioglitazone (2 μM) with insulin (50 mU/ml) significantly (*P* \< 0.05) restored the IPC-induced cardioprotection as shown by decrease in myocardial infarct size and release of LDH and CK-MB from hyperlipidemic rat heart \[Figures [2](#F2){ref-type="fig"}--[4](#F4){ref-type="fig"}\].

### Effect of Wortmannin or Rapamycin in the Restoration of Ischemic Preconditioning Mediated Cardioprotection in Insulin and Pioglitazone Perfused Hyperlipidemic Rat Heart {#sec3-11}

Perfusion of wortmannin (100 nM) along with pioglitazone (2 μM) and insulin (50 mU/ml) increases the myocardial infarct size and the release of LDH and CK-MB in coronary effluent obtained from hyperlipidemic rat heart. Perfusion of rapamycin also significantly (*P* \< 0.05) attenuated the IPC-mediated cardioprotection in insulin (50 mU/ml) and pioglitazone (2 μM) perfused hyperlipidemic rat heart noted in terms of increase in myocardial infarct size and the release of LDH and CK-MB in coronary effluent. Perfusion of combination of both wortmannin (100 nM) and rapamycin (1 nM) almost completely (*P* \< 0.05) attenuated the IPC-induced cardioprotection in insulin and pioglitazone-perfused hyperlipidemic rat heart \[Figures [2](#F2){ref-type="fig"}--[4](#F4){ref-type="fig"}\].

Discussion {#sec1-4}
==========

CK-MB is a specific marker of myocardial injury. The peak release of CK-MB at 5 min after reperfusion and LDH immediately after reperfusion has been reported.\[[@ref19]\] In this study, global ischemia of 30 min followed by 120 min of reperfusion increased the level of LDH and CK-MB in coronary effluent measured at 0 min and 5 min of reperfusion, respectively, and increased the myocardial infarct size which is in accordance with earlier studies.\[[@ref20]\] Hyperlipidemia is one of the major risk factors for coronary artery disease and it has been shown to abolish the cardioprotective effect of IPC.\[[@ref21][@ref22][@ref23]\] In the present study, the administration of high fat diet for 8 weeks significantly increased the levels of serum TC and TG. IPC in normal rat heart significantly produced the cardioprotection; however, in hyperlipidemic rat hearts, this cardioprotection is abolished in terms of increase in infarct size and release of LDH and CK-MB in coronary effluent which is in agreement with our earlier studies.\[[@ref24]\]

Infusion of insulin before the ischemia produces protection against I/R induced injury in normal heart.\[[@ref25]\] In our study, perfusion of insulin (50 mU/ml) was unable to exert any cardioprotection in hyperlipidemic rat heart. Our result is in accordance of the previous reported work, i.e., insulin is unable to exert cardioprotection during the pathological conditions such as diabetes mellitus and HL.\[[@ref26]\] IPC in insulin and pioglitazone-perfused hyperlipidemic rat heart, significantly restored the attenuated cardioprotection as compared to insulin-perfused hyperlipidemic rat heart which reflects that the attenuated cardioprotection in hyperlipidemic rat heart may be a part by impaired insulin mediated signaling.

In our study, perfusion of pioglitazone, an insulin sensitizer,\[[@ref7][@ref27]\] significantly restored the cardioprotection in hyperlipidemic rat heart. In our study, administration of rapamycin (mTOR inhibitor) in hyperlipidemic rat heart significantly attenuated the observed cardioprotection of IPC in insulin and pioglitazone perfusion. This finding is supported by other laboratories which also states that insulin exert cardioprotection through mTOR pathway.\[[@ref28]\] In previous studies, pioglitazone is reported to produce cardioprotection by the activation of PI3K/Akt pathway.\[[@ref6]\] In our study, administration of wortmannin (a specific inhibitor of PI3K) significantly attenuated the observed cardioprotection in insulin- and pioglitazone-perfused hyperlipidemic rat heart which strengthens the earlier finding. Moreover, administration of wortmannin and rapamycin in a combination followed by perfusion of insulin and pioglitazone completely blocked the observed cardioprotection in insulin- and pioglitazone-perfused hyperlipidemic rat heart. These results indicate that pioglitazone produces cardioprotection by the activation of both PI3K and mTOR pathways.

The mechanism of IPC-mediated signaling depends on both stimuli, i.e., PI3K and mTOR.\[[@ref29]\] Both PI3K and mTOR have also been implicated as an upstream of GSK 3μ,\[[@ref29]\] thereby its activation results in the inhibition of GSK 3μ. We have earlier reported that failure of IPC-mediated cardioprotection in hyperlipidemic rat heart is due to impaired signaling pathway, upstream of GSK 3μ.\[[@ref13][@ref24]\]

The results show that the attenuated cardioprotective effect of IPC in hyperlipidemic rat heart is may be due to the impaired signaling of PI3K and mTOR. Also, attenuation of the cardioprotective effect by combined administration of wortmannin and rapamycin was greater than that observed when these drugs were used alone. This clearly suggests that pioglitazone in the presence of insulin produces cardioprotection through PI3K/Akt and mTOR at a same time during HL.

Conclusion {#sec1-5}
==========

Perfusion of pioglitazone restored the IPC-induced cardioprotection by the activation of both pathways, i.e. PI3K/Akt and mTOR in hyperlipidemic rat heart, which was completely attenuated in the presence of rapamycin and wortmannin.
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